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oresence of cl7;nif leant acoustical ctrea..iin;> .1 lethod 
for ..ieas\xrln^ pea’- alternatinbi velocities is postulated, 
nepe -’i .lental results sliov; ;'^ood s. ^ro a-.iont v/ith bheory except 
for the alternablnp boundary layoi' vdiich is aooarentl:/ not 
an exa enle of si aple shear flov;, 
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1. .'-PJ:. oc'"'-', tio . 

InV' ation;., inuO z ac. .^on, i^ion of rooeatod plon. 
nlioel: .;avcc "onfine. in tui'or have revealed a 1 ir 'o a loi^nb 
of data, j/n aionoral, this c:; ^o.-'i.ionta L d-: ta has felled 
to ajreo v;ith any enistin^; theory on this subject, ho 
date, all Imonn invest! ations have utilized pressure 
sensitive instrunentation v.'iich has shovrn a ;ji'0;:ressivo 
-'.ecrease in shoe'; intenslt^^' as the shock ’.-ave traverses 
dovrxi th tube. This attenu ;t:' on appears to be sonsiti'.vo 
to both froquenc:' and tube ra.dius. hince there exists no 
satisf a.c tory theory to su.bstantiate quantitatively this 
observed attenu; tion and as the probability of obtuininp 
lore rovoaliny data from pressaire :neasuro..ionts seoi.is 
sliaht, this experi icnt v;as conceived. The main pur-;ose 
of v;hich is to invostiqatc the feasibilit;r of aoplyin^ 
hot-'.viro ane. iO .:etr''; to deter., line the nature of oarticlc 



velocity, noai"’ the wall of the tube, durinj the p 






a,_,c 



of the sisoc’: wave. 

It is antlcip -.tcd that such an ap-iroac’i will 
eventually reveal acoustic streamin'; if it ox.ists, 
t'urbulence, the natur.' of hie boundary layer ne-'>r the wall, 
arm- v/ithin li .Ited accuracy, tlie actua3. velocities. 
Information . ained by this technique 17111 extend ‘jr.-sent 
’sio\/lod e of repeated finite pj.ane shock .•.■uves and '.■.■'acn 
cor.ibined i/ith nrior koiowlod^e may v/cll lead, to a v.'orkable 
theory t'aat v;ill oerait the study of infinite repeated 
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0 



oc' to bo co- 'o.ctoc iinrei- ti'e co:ii/:-ollC' 

b'oracoi'v coiic"5.t;lonG that a gIioc’-: tube 'orovides, 
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2. Cbaractci'.lstics of 2e catcd ohocl: wi,avca. 

Unl-llT; sin:jlo shoclr. xvavea (as ^jone’-ated by cxolos '.ons, 
nuclear blasts, etc.) \"bich propa.j;ate with ;jr’oatcr than 
acoustic velocity, rencatod shock v/aves travel v;ith 
appro::!' lately the noivaal soeod of sound. The repeated 
shock v;ave has a sawtooth form and is stable except for a 
gradual attemi.ation in amplitiide as it progresses fu.rther 
fro u its source . 



The sawtooth forra of the shock wave is produced by 
distoi’tion of a. lar :e a'u'olitude sound wavo. If this wave 
has sufficient anplitude, it will develop into a shock 
wave rcgard].ess of its initial form.* This is due to the 
fact that the crest of the sound wave trav Is at a grca.ter 
velocity than the trou -h. The initial wave for'n 
progressively distorts finally becoming a sawtooth wave at 
which point the shock front is fully developed,- This 
progress is shovm in Fig. ]. for an initial sine v/ave fonai 
The distortion of a high amplit^idc sornd wave into a shock 
vfave can easily be observed using a pres: Lire sensitive 
probe or microi)hone and an osci3.1oscope to detect the 
sound wave as it is propa.gated dovm the tube. At the 
beginning of the tube the normal wave form is observed; 



further along the tube the sound wave form becomes distorted 
in the direction of a sawtooth fora, finally, at soime 
further portion of the tube the shock front is fully 
develoned and a sav'tooth form is obsei’ved. 
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Figure 1, Developement of Sawtooth Wave 
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^ 1': t'.'’ 

.T::-; ' thcoi-y foi' the use of ■ lOt an- . .o. i-. try 

for the fetoiTiilnatioD of oarticle volocj by rat; performed 
by Iviny Qj .• The response equations Q »7!) have been 
developed fror.i initial theory and are based on the 
consei^vation of energy. The difference betueen the rate 
of heat input to the v/ire and the rate of heat loss of the 
wire to the aiovin^ fluid can be equated to the rate of 
cliange of stored therma.l eneiapy in the v/ire. 

IV - H = C(dlVdt) U) 

where : 



'.V = Heat innut to wire per unit time 
H = Heat loss of wire per unit time 
C = Heat capacitance of wire 
If Ry; is the wire resistance at a temperature T,-_r in 



°C and ”i" is the heating current, then: 



•T ~ 

- 1 



King QD e::cpressed the heating loss as: 

H = L(l\.; - Ta)(k + V2TrkdCp/ou ) 

where : 



( 2 ) 

(3) 



L = length of wire 
Ty; = teiapera.ture of v;ire in 
= teranerature of air in °C 
k = thermal conductivity of wire 
Cp = specific heat of fluid 
= density of fluid 
6 



= c'ia-icter of 
\i = velocity of fluid 

By defiri.n^: 

A = kL 

b'= L VBTTkdCp 

Kind's expression for the heatin^; loss beco-ies: 

H = (T^; - T^)(A + ) (Is) 

A simplification for the study of fluid motion where 
equilibrium can be assvuaed allov/s C(dT^-,r/dt) to equal zero. 
Therefore : 



W - H =■ 0 

or x^R,, = (T,., - T^)(A + b'I^ ) (5) 

Unfortxmately hov/ever/ due to the rapidity of the 
variations in temperature, pressxire, and flxiid velocity 
under repeated plane shock naves equilibrium conditions 
do not occur. Therefore Bine's expression must remain as: 
i^R^, - (T^.^ - T^)(A + b'1^ ) = C(dTv;/dt) (6) 

The major difficulty that exists in applying hot-v;ire 
anemone try to this study is the inherent la^^j between the 
response of the wire to a velocity change and the velocity 
chan'.e. In previoxis applications of hot-v;ire anemometers 
(]1,2,6,9D> proper electronic compensation was introduced 
into the amplifier. The usage of this method has proven 
very satisfactory in turbulent flow fields v/here the 
variations in flow v;ere minor as compared to the steady 
flow field. A more recent de teraination C70 of v;ire time 
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c/oc.^0 con«'!itlonG 



concbr.nt for lar -o transient c "I’d i r.tcady 
rovlc.cs a i.'iearc of .Gtuc’yln ainjle ohocl: phenonena • 
Hov'Gver clurfns repeated chock v.aves steady flov/ conditions 
are non-existent. 

This thesis describes a iaothod. of deterinininp; a 
qualitativo description of the flow field in the tube, ^ 
v/hich may be extended to quantitative Icnovvledye where 
airolicable. 
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i-'OiJCi’lption of ^:,nuipjncnt . 

'ho cruip ,iont \isef io procuc .fio ixl I'; infcn;:.!- V/y 
soimc'i consists of a l5 horsecov/or e’^ecu-ric i.iotoj:- lii'ivin. , 
an air co’nnressor, capable of c’elxvorin, ; kOO cxibic feet 
of air per rainate at pressures up to approxinatcly Ij. psi/'^ 

(7 pci available for short periods) This flov; of air is 
cu.t by an electrically driven rotar“v chopper producing 
alternate rarefactions and condensations in an adjxistable 
standing v/ave chamber. An exhaust pipe fitted to the 
standin:; rave chamber, in co;:bination v/ith tho plxi p;ed 
dornstroam end of the propagation tube, eliminates tho DC 
air flov;. 

Pig. 2 is a schematic diagram of the entire 
experimental set-up. 

The propagation tube is a 30 foot section of 
rectangular seamless steel txibing with a wall thickness 
of approximately one-eighth inch and with inside di iiensicns 
of 1-1/1l by 2-3/k inches. The downstream end of tho txibe is 
plugg^od. A termination consisting of the last eigjht feet of 
tubing v;as filled with a fiber-glass, wedge-shaped absorber 
to reduce reflections. A test for the existence of 
standing waves was conducted by pressure probing every 
inch of a two foot section of tube irmnediately xipstream 
from the termination section and every foot thereafter, 
v;ith an Altec 21-BR-200 microphone. Pressu.re readings 
fro 1 each station v;hen plotted against distance showed 
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dt:ox,ci. V 



r; )f Inf ..nlocnl .lal .a ,iil o . 
nio, foot fro. I the unstrean one o.O tl\c t'l.bc a cut 



\.as ia(e for the installation of pleicinlacs sections, 
those plexiglass sections ■'./ere onen-endec3 boxes, constrticte 
of one half inch thicl: plexiglass, machined to mrovide 
insi( e di '.lensions identical to those of the propagation 
tube. Initially the idea of installing a separate section 
v;as to orovldo a means of isolating a small section of the 
pronagatlon tube* This was accomplished by installing 
dlaphragtns at both ends of the plexiglass section in orter 
to eliminate the acoustic streaming in that section of the 
pipe, yet still allow for massage of the shock v;ave. Thus, 
inside this section, the AC velocl'by co.;voonents would be 
directly available to usi> Plexiglass was selected as the 
..laterial for the construction of these sections because 
its transparent qualities afforded excellent additional 
opportunities for direct measurement of the position of 
the hot-?;ire probe in relation to the surface of the tube 
auring boundary layer investigations, and the iDOSsibility 
of qualitatively determining the nature of the flow using 
smoke particles as tracers. 

The hot-v/ire anemometer ^lsed v.as a Shapiro cz ndv/ards 
Co'mpany, iasadena, California, constant cvxrrent model, 
consisting of the follov/ing units: 

a, ilot-j/ire Anemometer Aiupllfier, I.Codel 
k-^OB 
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b. Cu.-rcnt Coivfcrol if.aoj, o^iol 0-^0 

c. .'onictance I'ric ^c, I'-bO 

d. Potentiometer, ..locel i-bOA 

e. ..lean Square Output Lie ter, .Lodel 

f. Square ijave Genei'ator, ilodel G-50 

3, Pov/er Supply for /vmplifler .lodel A-50B 
in conjunction with the above. Flow Corporation 
Probes employing platiman filaiaents of approximately 0.05 
inches in length and 0.0001? inches in diameter v;ere used. 
Although all of the above hot-wire anemometer 
components v/ere not utilized in the actual measurements, 
all are necessary for the setting up and chocking out of 
the anemometer, and shall thus be described below-, 

Tlie Hot-'.Vire Anemoriietor Amplifier is a low noise, 
high gain, wide band amplifier. Provisions are made for 
checking frequency response and amplification using the 
associated square wave generator. iuaxim\ii;i uncompensated 
gain is when fully compensated, 2,^00,000. An input 

selector allows selection of input from hot-wire or 
squarewave generator. 

The Current Control Panel permitted adjustment of 
wire current over the range of 1 to 300 na. An incorpoi-ated 
meter with full scale ranges of 10, 100, and 1000 ma 
provides initial adjustment of the hot-w'ire current. 

The Potentiometer enabled, the voltage or the current 
of the hot-wire to be accurately measured. Voltage ranues 
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arc 0.1, 1.0, anc. 10 volte full ecale. Current ranges arc 
J.Ol, 0.3., and 1.0 aiiips full scale. 

The Tosistance Brld[j;e has a ranje of 0 to 120 ohras 
and. nay bo used to neasure wli'^e resistance v/hile the 
a-.inlifier is in use v.-ithont introducing noise or hun. 
Sensitivity is sufficient to enable a balance with only 1 
j’.ia of current. 

The lean Square Output hotor is a sensitive 
lillivoltiiieter incorporatin.g a nirror scale for reading 
the thoi'eiocouple output of the exinlif ier . 

The Square ..ave C-enerator is a self-contained, battery 
operated, transistor type,/ The frequency is variable and 
the signal can be used to check frequency r'osponsc to the 
anrolifier. RIIS output meter and precision attenuation 
enable accurate gain measurement. Time constant 
determination of a given wire may be determined utilizing 
a series of sv/itches and atteraiators to superimpose a 
square mean component of adjustable amplitude on mean wire 
current. 

A Barium Titanate transducer was mounted upstream 
from the hot-wire -irobe to verify the existence of a shock 
wave in the propagation tube and to monitor and to dotoimine 
the repetition rate. The output of the transducer \vas 
amplified by a li.h. Scott Jecade Amplifier and displayed 
on a Tektronix dual trace oscilloscope. This signal 

was also sent to a Hewlett Packard L;00-D Vacuura Tube 
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. .>r,l Joik'ucu of inves'ul,, t' m. 

i.n .-.oct'on 1| of this report the .L'ollo-.,.‘.n no.'-l ■ i* 
c:vr ceion for ceter: lining the notion of a ■ lovinj flui> by 
use of a hot-v;ire anenometer v/as cleveloj.ed: 

- (% - Ta)(A + b' 1^ ) = C(dT,ydt) (6j 

'j?he apnllcatlon of this expression to the study of 
repeated plane shock ivaves presents a unique problei.i. The 
rapid succession of compression and rarefactions at a fixed 
point in the tiibe creates periodic changes in pressure, 
density, velocity^ and temperature of the fluid mediu-ii. At 
"large" distances from the v;all, the nature of the velocity 
is assuraed to consist of an alternating^ flov/ which is in 
phase v/ith the pressure changes,, cand some induced steady 
secondary motion (acoustic streaming) as a result of viscou 
forces. This complex flo\7 field may be further* complicated 
by the existence of turbulence. 

The inability of the hot-wire to follov/ rapid velocity 
changes is reflected in equation (6) by the existence of 
the term on the right. Some means must be devised to 
determine this response, or to operate under a set of 
conditions in v/hich the output Intelligence of the wire 
can essentially reduce this term to zero. The empirical 
coefficients, A & B are temperature sensitive and their 
values must be determined over the expected temperature 
range (Ty/ - Tg^). Therefore, all terms in equation (6) 
are variable except the current "i" which is a controlled 
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t in ic 0 - com t;\nc b; tno cum oni control 

section Ox tliG hot-v;iro oncir.o .letor . The conversion of 
eqx,iation (6) to a r.iore useful is desirable: 

Vv; = (T,,, - Ta)(A + )/i - ( C/i ) ( dT,./dt ) (?) 

where : 

Vy; - i Ay 

in actuality is the useful output of the hot-wire 
anemoi.ieter. The above express! •'n, although valid for any 
fluid, is applied in this exeeriment to air at near 
standard conditions. 
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. i c y .e] 0 i-i , . ci. j.. 

;j.i, .■•'‘.'ctly cpcaL .n:^, l:.c I'c .iol n£’>. 'r;i 
betwcon bberr.iobyna ilc veririblos ilurln ; the a.\sr.aje of a 
shock front are described by the Rankine-nuyoniot 
equations, for the nr- ssuro sv;inys in this oxperl.ient txie 
relations are consi ered to be e sentially reversible 
adiabatic, v/here: 

=/? (fi/Po) (O) 

n = ^9) 

and 

/? = density of air at absolute pressure .q 
= density of air at absolute pressure 

T = toiaperature of air at absolvite 
^ pressure Pq 

T]_ - temperature of air at abso3.ute 
pressure p 2 _ 

8" = l.i|- for air 

To consider the concurrent density, velocity, and 
tenpe.- ture variations, a typical value of (P^ - Pq) 1;; 
assumed to be one- tenth atmosphere. 

Variations in are comnuted to be approximately 

equal to ^ bJj and therefore, for the ran ;es which are 
considered in this exoeriment, ^ \.dll bo considoroc 
constant . 

Defininc B - b’ 

Equation (6) now beco.ies: 

= (T^.^ - T„)^A f 3 YT ) - CldT^dt; [ 10 ) 
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^vir, t i on ( 7 ) nov; bee one s : 

n; = (n-r ‘ ^ ) A “ ( 0 A ) U-VA’t ) (llj 

Urin;^' ehoci: oassa:^e, '/ar.\ationn In te. iper-ature '.'.'j, 
are aoproxinately ± 9°^» fJ-H-’n' ve3.oc:lby fVi in^j the 

shoo': paeea o varies frora a positive naxl or,, of 
approninately 2l\. n/sec throti^h zero to a no;;ai;ive r.iaxi nuv.i 
of approxl lately 2k ra/sec» 
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In or 'er to deternn.ne the c.^' et ) : e .'''Oct 
tor:-3r,oure cv;ln ; upon V ,, the hot-...l-‘o . ot 

into ’.n ovo-^. ^h.o i'.o ,ipcreti.,ire of tho aln -'.thin ';ho oven, 
'>uju_ht io;;n to belon itc sxpectcd ranje by f iV inp; 
the oven v/ith dry ice. The hot-v/ire onobe and tlien.io icter 
nere protec tod f-.oa convection C'.irrents, The dry ice v;a..; 
renoved and the inside of the oven 'vas a. lowed to ^i>ad'aalJ.y 
heat up over tho entire ranje of ciirlny the shock nave 
passage* Under these conditions equation (10) becones 
.lodifled by sotting epual to sei’o, and C ( dTn/ 't) 

approxi iato3.y e p^al to zero. 



l\, = (T,.,, - T3) .i 



( 12 ) 



vdiere : 



Rv; = Rod + ^ 0 %) 



ind 



Uq = the -icasured resistance of tlie '.■.■ire 
a.u _Q 

the te.iperature coefficient of 
resistance of the 'wire. 

Values of 'acre read directly froa the resistance 
bridge-. Tig- 3 shovrs values of '. 1 ^ olottod against (T-,; - Tj^) 
for various hot-v;ire probes at specified wire currents, 
v/hereas fig* is a plot of R-.- plotted against (T,-r - ) 

for a. snoclfied hot-wire probe at various i;i>^o currents, 

71 5 shov/s values of A plotted against (Ty; - Ta)« -ith 

those known values of A over the expeebed ran ;e of (T;r - T^), 
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- r ' 1 , M 

o.'v •->. C0 1. -.u , \. .. •• i0\. 1 . loCi Ox I,©.; Icii.'.iir 

::iov;. 

.'or ..u-.si-s ^av...c:iar-/ conL.i t lo :.s, C ( drv;/'. t ) :Ig ao:;u led 
apr^-’o::!. iatel7 c -u.al to zero and o -;aation (10) now 



beco los : 



o 



X n,.; 



(T.; - Ta)(A + 3 Va ) 



( 13 ) 



3ro-x this expression, 
knovni values of "xi” * 
leans of a nltot tube 
plotted against (T^.^ - 



values of 3 can be Ue t,:r:.iinod fro.i 
The velocity 'u'* was deter.iinod by 
'.nd a uicrouiano letor. Values of 3 
) arc shovm in Pig. 6* 
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' .‘.V 'h ore CAC' 1 -.nal;, 

00.1'“ oho ^'on'cc'P o'.c I'v.be, 



'X ’Iovj 



'•-ol 

-'ho fii'.ol ' V '.' 'I X [’.'.cation of C'" ucotion (10) PGqu.iroc 
consi onxti''>n of c’xo conf .itionr \;hich justifj:' oI' “inxti'''n 
of the loot tor'll, ...’’he ac'-u ntitio].! v;ill be ;.iac' : chat the 
velocity Is in phase v/ith the presrAirc sv;iny of tlie shock 
v/ave on the axis of the 'tube. -J.tho'a;^h eqxiation (11) shows 
that y\-j is not a linear function of u, in orc.er to si rilify 
the -raphs, linearity will be assu'.ieb for 'the discussion in 
this section. The effect of the acoxial relationship 
betv/een V^,- and xi v/oul'' be to introdxice hairxonic distortion 
and will be discussed in Section 9* fi; . 7a sho\;s a plot 
of 'oressure ayainst ti'.ne for a repeated plane shock wave 
aassin'^; a fixed -Toint. i .“’ouriei“ analysis of this sav;- 
tooth v/aveforiii shoi/s tha.t such a v;ave is co iioosed of a 
fxuidai'.iontal and an infinite nu.ibex’ of harixonics of anpli hade 
inversely proportional to the nu.foer of the hari'uonic. 71;:, 



7’o shov/s the assuied alternatiny velocity flow at a fixed 
point at the center of the tube as a result of pressure 
variations and in the absence of any acoustic streajxlno* 

The response of a hot-ivire ane. lO'.ieter is independint of the 
dli’ectlon of flow, '^['he theoretical response of a hot-v;ire 
ane .io ,;eter , ichich is capable of closely follov/lnj those 
variations nid produci:n. a voltaye in pln.se '„ith the 
velocity is ;olotted in ..^ij. 7c. (.actually, .'I,'. 7c Ic 
applicable to both V.; nd |'u|. ) 



25 



Particular o.ttontlon 



■I 'n obono 



cc..,j..a ■' ( a. 




valiie ror a choc!: of thir ntronrth boin^_^ of the orfer- of 
_o 1 

1C socciK-c , ..Ithin thlE oeriod of tlno, both oi*os nire 

and velocity chanye frori peak posit." ve values to peak 

2 

ne^iative values. 

It is interectiny to note'^ b'ik* 7c, h'-at on a 
theoret 'cal be sis, bccau.se of the .full \/ave recti fying 
action of the v;iro, the second harrionic of the shock wave 
is the lov;est contained frequency in the voltage i'’osponce 
■oroduced by the hot-wire. This is shown in the above 
dia;;rr_.i. 'kvo possible exceptions in v.ililch the hot-wire 
ane.;ioneter will produce a voltage of the s a :ie froq; ency 
os the :'"“requcncy of the velocit;-' fluctuations are 
illxastratedy in ''iyunes 7d and Jq* 



■‘‘I. Talbot and P. 3. 
..aves "n a konatonic Go.s, 
January IblQ. 



SheiTian, htru.ctxu'o of ./eal: S'noc'' 
hAS;. I'eno 12-ll; pn I|_9, 



^rrovisions a-’oe raac in hot-wire ancuoiaetcx' axipllfler 
to electronically adjust (conpensate) for the ane m eter’ 
Inability to follow the hi^h fre aioncy coinnonents that ex 
in discontinuous step functions. However, the aiiounl; of 
coi.roer.sation to be used, is based on the exxistence of rone 
steady state flow prior to, and after the discontinuity. 
Tboso conditions are not present for a sawtooth v;avo. 

Ax:'‘ther -ore, hot-wire aneno leter tine constant adjus bnents 
ic’-' per it the hi free'Uency co ■■''onends to be ;ore 
effic'.enMy rep:.'-esonted, cause a relative fwero'^'se In. the 
lo'w froqti.ency response, -vdeLch is cenendent on the . can flow 
conditions . 
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oo all.ci‘na'oin{3 



o'-’ent i : i. ] \ 



In' Cue '.o Uie 



•o oT?. O'- -'>1 



1 



r 



c 



ecouse 




C'C: is a _cr-eral I’-ai.ri-i* r'; ofr i Lho 



sever". i'osv<-r'v;c ill''.r/bra'ced in 



7c, -.]'.'ere ir; a oil ,lit 





the funca' 'ortal f-’v-;' uency oT the shock v;avc. 

Fi'". 7o shov.'s a linear bhecrctical poc^'^onse o:" a 



on acoi\stic stpoa.dn ; of a l"pjoi" abool ■to value th' ii bb.e 
alterna'binG co.iponon'b. A^ain bhe anor.io.aetcr’ would va^oduce 
a signal containing fundaiiiental fpequencjr. 

Recognising that DC flov;, x.'i'bli an cnpected napiitti.ee 



natorbal v.iilch v;as thin and pliable enoujh to transuit the 
■iscontinuous "oressupe axlse, ,nd to postib.ct the j.enpbh 
of the Isolated section between dia.phrav ns to prevent 
repenop3.tion of induced, acoustic strof’.iing. 

In general, this enpetinent failed to produce its 
objective boco.use no suitable diaphraj:.i .Material v/as found 
that v/as strenc enov. jh to withstan/' the shock passa :e and 




equad to O.^l.i u^/cq C9D > could affect 'the fund.av.iental 
frequeiicp, attesipts wore nadc: to physically separa/bc the 





"7 



”C 



1 I 






vG. Ueoprene 

i’'-!.’/ r, O'"! -cl cli I'.'.cl: ;-ove o .loct ■ ar: ,bl{ 

G. Uc:’J.a] , lu’ir tino ■ ■'•r; t'ao vlbrati nal abi.i;:c tip to poriofls 
ol a-' ■ rc;ci.;:atclp five /.linuteo,’ ho’vevor, its attonootin^ 
effect oa ll'c -^ 0 ,’ecEurc pulse v;as too preat. il.astic .p;lar 
an(' latex r'’ibber of various tblclxiocses i ..lecllatoly b>. rst 
upon Inpact of the pressure pulse. fhe jiiost satisfnctorv 
■.ateria.1 was cental rubber (rubber dar.i) which permitted 
on'-ratin periods of approximately one minute , In spite 



of this, due to the fact that thorc was not sufficient 
distance in the section for build up, the characteristic 
sa*..ftooth v;avefor"i v:as not suite achieved,. 



The Isol^^tion of the alternating flow I’roa the 
acoustic stroa iin-: is probo.bly i.r'ossible with any ■.laterials 
o.vailable at this ti le. 



^■^ot beiny able to control ttio nature of the flov; in 
tho tube, the only alternative was to analyze it. Tiyuros 
6a, 8b, and Sc are oscilloyrswis of unco.,rsensated hot-v;tre 
anemo letor response to';othor with the voltape rosponse of 
the barium titanato transducer (these are dual trace 
oscilloscope rehotographs, the loser trace reprosentin , the 
alternating prossui*e of the shock wave. ) The resemblance 
of ■’i". 8 to Fig, 7d verifies the existence of the 
fur'daisental freopaency in tho response of the hot-wire 
anemo . leter and vividly roints out the aneno' leter ' s 
inability to detect the events occuring duri.ng the ti ,ie 
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'■lor,--; 



on,' 



V.-’ o" f'- 



vic-.l 'i.i. ''ai rcfj t .. of t c 
a cc : tic a .:.'oa .1 of '' 'fit,' c 
harrionlc. i’l?i£ aca -.cc 



stpoa .i:i : ic :>Po'jably a ..ia:cl .tuai valae, I :ona it c 

fox.tr to fiva f. ler. tiie actual value) but Itc uso ,c yotntc 
out 'fto naxinuLi cf-^ect tl at stroa.iiu_, coulc h-av':. 
tbe erf of the ■ouo'^a,'/ .ion tv.be xic.z plU";;;;ec', tbo 2'>-’ir'ci le 
of continuity fenands that an equal anc?. on ^oaite flow tabe; 
■)].;'ce co'tev/hoi'c in tto crocc-coction of the tube. Analyt- 
ically, = 0. 

'•'-ib 7i' is a theoretical linear -.ocponce of the 
hot-wire . neriowietor for acoustic ctroaitny, e-ual to t^tat 
in ”i ", 7f itt ::ia nitud.c, btit cvr-os;lto in direci-icn, 

■ ''i'-r.res 7h ana 7i s,re esti tes of wiiat the actual 
unco cnsatGc!., 2'st linear, Itot-wiro anorioi leter resnonso 
•■ith tine lay "’oulc’ bo for t’ls situations (.'occriljee i:o. 
'i.yires 7f anc 7,C rosnectivel^". 

• ftat is of funca icr tal i ' >ortanco hero is that if 
wol? t.efinef acoi.istlc stroa'.inj of a si nific'''Ut amount 
exists, it na^' be detected b:/ the follotviny criteria: 

a, if the r.ia ni tud.o of the acoustic trea.riny is 
insi ynif ic.e.nt, th- n the cha.racte].'*istic response of the 
hot-'.7‘‘’0 ane.uo' ict r contains th-;! func’a...iental fre''uerc ' of 
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b, 600 cps. 

3 losi. 




c, 693’ cps. 

3 psi. 




Typical Hot-. -ire Anenometor 
anc Bariuni Titanate Transducer 
Piesponsc 0 scil 3 .ograr,is 

Figure 8 
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! i.ri 11:1 


tu dc of 


the acoust.tc 


ati'Oa. .iiig is 


1 ccr t 


hian the 


i.iapnituco of 


the altei'nating 



t' - - 

C/l'l" O io C.C uGC'tCC' 

iinavoi'r.cG tbn tu ic. 
b 



volcc'.t-'j, the character-iatic no;: once o" the hot-v/ine 
ane lo letei- contains the f :’nda..ien’-al frequoncn of the choch 
wave, the \7ave is as.y i lotrlcal and a phase chaiipe vlll be 
detected as the probe traverses across the tube, 
rroceedinn on the above assu eo criteria for 
deterriinin-; the relative amount of a.couctic ctreaninj in 
the iirona. ation tube, the hot-v;ire aneno letcr was :ioved 
across the tube, ''o detectable phase changes xievc noted., 
Turther lore, the typical resnonse curves for the liot-v;iro 
aneno' letar, as shov.n in Fiy. b, show aliiost perfect 
sy,'.i:ictry cncent for a noticeable concave distoi’tion in 
the trailiny ec^^e o.f the res '.onse wave. On tlie basis of 
this evidence the fol lowing assn.ipticns are rnacic : 

a. The ratio of the nagnitud.c of icoustic streaming 



to altcrnn.tin,j velocity is noplipible* 

b. The lnc.bility of the hot-wire an oietcr to 
respond to the high freapuency components of the saurtooth 



’vavefor hindiors its utilisation for 



oc oeivuinxng 



.b so lute 



velocity, 

c. The cxistcrcc of the funda'.-cntal frequency in 
the ouowut of tlic hot-wire ane .oi.ietor i-rovicles a ueans of 

32 



• T 



liC 



rj. ri. 



■ . 1 'O 



’ v'.i'.c ■ ^r. ■ vL;_on .1 bel^,' .'ibove, 

'.■as VC. bv ob' c crv in , c'. areb'bo c ’.obo 'blu’cj ;b 'b' o 

socbionc. vIt'.c qiv'litabive c::per;‘ cnb shov.’Cc 
no noblceablo acourbic Gbnca;.iin(_^, h.ov;cven, lov; fro /v.ency 
b , ’ rba 1 on c e \va : o V' s e rvc c . 



. criberion Tor bho cxisbence of burbalence in 
flov; is (^Iven bj bho following c::_.'ression Q3 • 



'crit 


- (uc/^ = 2300 


(li;-) 


'here : 






■^crib 


= lower l.'rtilb of lioynold's ms'.ibci' for a .'ipe, 
below v;hacli blie flo’.-; does nob beco .ic 
burbulenb . 


u 


- bhe I'lean velociby averapoc over 
secblonal area of bho ripe* 


the crons 


d 


= effeebive diaiicber of the pipe. 






- hineir.abic viscosity. . 





Snbstibubin;^ bho f ollov/in. , values in O'.ruabion 

--crib = 2300 
d = 0«05 'icbers 

^ 10”^ vicbers^/sec 

■-'he rosulbinq evaluabion for u indicabes bixab burbulent 
flov; vrlll rosulb for u ^ 0,72 iiebers/sec. To provido a 
CO', narison bcbv/cen bbis value of acousbic streaning wibh 
bhc uca]: a.ltcrnabin.'; velocibies, ib is neccssarv bo 
cvalviabo bho rLanklne-bv, joniob re3.abionship for parbicle 



33 
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^ r ^ ly (177'--) ^ { ^- Ij 



(15) 



a- - a''Lb.‘.c^.ii; opc 'd Ox so'-.n-. 

= t’',o rabio of o 'oclfic .e f.: .‘or air 

- a ibiont pres...urc 

- rcsL’urc after shod: -assa ;c 

J 

•■ubst.btutln the fol..o..ln - values in oi\uatlon (1.5: 

= 3r0 'ncto:'’s/sec 

U X. 

IS = iJi for air 



P,./P,- = 1.1 

\n evaluatj-on for u--, Ipclcates that oeal: velocities of 
ll;. rioters /sec are to be enaec tef . x'ro'.i tliese calculations 
and the observations of Siaoke particle bohavlor and v/avo 
shaoe stability, it is assu lod that the ratio of acoustic 
stroaiinp to alternating velocity is nepli^ible. 



Issu. notion b. 
so.ne furthor : leans 



above, ayain points out that unloss 
ir d 'Vised "for analyzing tho hot-\rlre 



aneiiio'aeter output. 



tho quan 1 1 ty 0 ( dt ) is an 



unde t e' •■..line d quant i t;, . 



'Assu-aption c. above offers such a .icnns for analysis, 
qire (7) is a nlot o'^ fre'-uenc;/ response vs. ■‘^re''U-oncy 
v;ir'C ane ‘.o icte" arobe utilized for this 



exncri-'ient , It indicates th-' b frequency response is ood 
over the intilcatod r."^' ' t; o^ to fOJ cps, which is the 

•■n e o't the fr.nd.,’..r' atal frequency c the shock wave. The 



^ ( .1 u’ ' 1 . h o:c 

‘.n ■: 

= ( 21V/'^ / ( t - ;^j£ :’.n2co + |•,jijl3a; t ■• 

:^cln’ CO G • . • + -^cirinwt) 

'"ron bliic ciroresslon it C3.n bo se ;n that the fun; 

froquency contributes 2/ 'ft to the peak value. 

Hot-v;irc ancnoncter filenents are available 
easily follov; frequencies oC the order of 3^0 to 
Electronic filterin of the hot-r/iro output rrlll 
only tho funda ienbal to contribute to a signal vd 
disnlayed on o.n r:'is volt lotor could be related tc 
value by the follov/iny expression: 

^^’ocak " 

Under these conditions, where the fila.i nt v 
is capable of follo.;in • the funda^.iontal , C(dT.../di 
considered aeiDroxi.nately erual to zero and oquatl 
..lay therefore be sinalified to equation (13). 






GllO 

a6) 

'<a-:iontal 

which ’Will 
1000 cps. 
allo\7 
lich wlion 
) tho peadc 

( 17 ) 

it ill zed 
; ) can be 
-on (10)' 
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Punda.r.ental Frequency Response of Hot-Vvire Anemone ter 



Figure 9 
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• .L j. lO ^ cy o^'XOLin' oO *1 .' *^j_ -iiiLv3-^ .3 _Cj 

v-.l '. Lr.' -’.V3 r '.n ': j ion ;;:; oj’ .o- 'i-'evloiu- ncciioii 
:':or )■ ood on b'.ip nosu . otlon oi’ a li:io.ir cunve .7o..- 7,-^. 

VC. ^ . ' 'on actual wine rorji'nse, t’ao ben, ivior is 7ar 
:ono CO .r^licated, Usin , equation (12): 

7., = - Ta)(A t B 7ir)/i (12) 

an<' utilisln; val^lOG of and B for a chocen (T,^y - i'^) 
of l65°C, 



'w - Ta) 


(10^' v;atts/°C) 


D (IQ-iwant 


°C ,10 te 


156 


3 . To 


O.O7 


i65 


3.60 


0.93 


I 7 i|- 


3 . i’,-2 


0.99 



a "caph of ecuation (12) is plotted as Jig. lo. i’ho wire 
cunnent was m-intained at 17d ici anf Rq was 2.272 olx.is, 

.:in up'oer and a lower Halt of ( ‘i'Y.j - Ta ) i s induce V.' Cv O 
result of the reversible adio.batic chan.jos in of 
fro A the airibient tecinorature, 

fhe wave for i of x-’i--. 7c is assu.ied and a 7ra.'ohical 
’'char’aoteristics*' aethod is used to pr diet tiie outiut. 
Bor a constant (T,.. - T^)? the non-linear effect would 
change the v/aveshape but 'vould not c].i.'.n",o the sy.iietry. 
However, sinc'- (Tr-r - Tq_) is not a constant during shock 
passage, it is incorrect to utilise one curve of ^'inf;’s 
'av; for the non-linearitp '.orrections durin.j the ent" c'o 
velccib-" c'-^cle. 
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. uoro *.Ge, but a uo::' o, icouod v:;.a]d 

'.:o ui;:ll:lso tuo ..1 7c ciu’vo (a.ibieit tc.ineratu.ro ) for 
tlic vc7.ocitics near zero, the u;cper curve (aribie it uir.us 
9°C) for t}^o peat; ve7_ocltles corros -onulnc; to the 
rarefaction ;art of tlio cycle, and the lov/er curve (a.ibieit 
plus 9°C) correspon:'ln£j to velocities durinc the co.iprosGioii 
part of the cycle, with intersolution for intorriicdiate 
values. This method introducos asjiimiotry into the 
resulting v/aveforn which is a result of the wire trans- 
litting a continuous representation of the discontinixous 
temrerature chanpc at and illustrated by the dotted 
line in Pig. 10. This awpears to account foi- the concave 
arpearance of the typical oscillograms shown in Pig. 8. 
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IIon-Linear Correction Curve Tor a (Tv; 



T^) of ]63'°C 



■^l^jure 10 
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rvf ^ 



rv: 



n L rco 



the •)oc,siblG ap '■'.icr i.lon of l.ot-v.'lr anc .o -ctr;/ Uo 'hie 

stu"p of particle velccitles in roecatoi piano ehocl: v/avec 

han boon 1:1 'lit of to tho condition;: that e::ir,t near tho 

contor of the tube, -.'he final ifnano of this ctU''p >;as to 

detor lino tho effect of the tube v;aj.l on velocity. 

Pi^;urGS 11, 12,” a:i(’ 13 show hov; the ri.ie, vo'.tajc o'^ t’lo 

harnonic co' '"’onent.e varies v;ith distance frou the labe 

nail, Tliep arr: ^lotted in tho di lensionless units 
2 



^ v/ oc ) f v.Moro : 



OC 






the 


r IS 


vol 


ta *_;o 


at Ihc 


tb.e 


t'^-be 








the 


r is 


vol 


tape 


at a li 


tho 


wall 


of 


the 


tube . 



?l Z -J /2 If 



anu 



= distanc'' fron v;all of tube 



UJ 



= freiuencp- 
^ ~ kinematic viscosity 

. 'as•^Gd line, sunori ni-osod on th'; above ..initiono carves 
shov;s tho shear p.aoflle as doterninod by llchas'fson (3), 
rurino tho en''eri '.onl, elect'i’onic filtering v/as used 
ro that the fu:ada. lontal freqaioncy v;as tho primary cou.rce 
of information. Une'e'^"’ the assu.iption of the ;rec 'cding 
d-)velo">ment , this is conai'lered to be the ,iost reliable 
so’o.rce o*^ infer ration. fhese plots ishov; that near the 

Il-O 



T Cl 



i 



. 



’ -s 






c.U c v'-‘C : I 



o'. :: ''■•vr- ' -c:- car, 'n'' 

lo'-ntion v/ith ch-.n:'er in fro';_uc''ic;-. ITo c:z \ * ••oa ;.i<_.n is 
of'‘erec" r.t this tirio fon the occurence of this phenomenon, 
^’i;_7;.rc 13 chov;s in addition to the run(‘anental frecuency 
of Coo cps, tho results of electronically filtering out 
all but the second harmonic of l600 cps. The fact that 
the velocities of these tv;o frequencies are naninized at 
tho sane distances fr on tlio tubo v/all may indicate that 
tho shock v/ave sti'*ucture is unchanged at close proximity 
to tho wall. 
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Joncluci'' . 1 . 



c> o:v^c::i io'sl':, tovoo.IocI a con;.:, o. b] .. oa;ri 

of lnfoi‘ :af ' n co;ice the no.turo of the co i '•lore x }.oxi 

fiol'" aococlated v;ithL 'fae paoca ;e of ro •■eatcc'. piano ohoc 
waves in a shoe!: cu’oe, particularly near the "'./all of 
tube. Acoustic 3trea:.iin;p is presont, but aoparentl^/ is 
tLirbulont r’ather than la linar. 

I'he effect of streaniny upon the far greater ■'Iter- 
natinc velocities annea'rs ne;jli3ible, and may be neyleC* 
for tho ou-'“^oses of future study of this pheno'nonon by 
hot-v;ire anemo .10 try . 

.vlthouyi the hot-wire anejm.ieter is not capable of 
follo'.vinp the hiyh frequency co..i:ponGnts of the sav.’tooth 
v/ave, a quantitative knov/ledye of pea!c alternatinc 
velocities 'lay be arrived at by measurements of the 



fundamiontal frequency, and the 



01 ...any's ii.que,aion. 
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'’.ic’: of .?ir. frco ’-v.c;' control r.-if' stabilization of 
tli>_: c’yoc': v;apo ■'octi^ion rate. ..t v/a,. obsorvoi. tlial 
frequency cnan ;oc in tli or^ '.-r of 1 cause i variations 
in olioci' stroll tli as jres.t cas 2^, 

It is felt that possibly fuc to variations of the 
pov.'or input to the co i jres sor, that the compressor output 
is not constant, but rather varies fron the set output 
pressure by ±0.1 nsi. this in turn v/ould cause a 
varying force on the chopper, thus varying its speed. 
'Correction of this •C’if j icailt-y could load to the 
deter lination of viiethor or not the volta ;o input to the 
chopnor aotor is stea'^y enough to cause it to uaintain a 
■■'efinlte rpiu for a given couprossor output pressure, 
-stabilization of co./nross'^r outsat ;^r ssure and chopper 
speed is an e::troacly i ortant require, ient for ro;'yilatlnj 
the shoch v/ave frequency. 

hxperi’ientatlon uas conducted :iainly nitli a probe 
filament of O.OOOl;.97 inch in diameter; a reduction in nine 
diaaieter howeve'', v;oul ’ allov. for greater frequency 
response. It was noted that Tv/'^ above 200^0 could cause 
a localized melting of the solder holding the f 11a .lent on 
the 'robe tips; t' is in turn ca.used a cliang.c in the 
offectivo lon.'-fch of the filp.yiont, and thus in the rosistanc 
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cross- so ctlonn.1 area of the wire, any i^e duct ion in the 
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crccepc uncer nsoso cono:^ G.'.ons '•.'..■'.on tr.ere x. a 
^■’ov.' acros:' the probe, it is felt th st a f lla :ent \/ith a 
i'"'ctcr of 0.0001 incii v.a's/lc jive .r.iorc favor, bio ■resi.ilts . 
In addition, "'’i.^uros 5 d.n.' 6 reveal t'i.o.t . docre..osos 



no V -L, 



i'g_) incrceases, •ehorcas, 3 inc.'seases as ('IV- - T^^j 



increases boy one" (xV; - i’oj of sippror.i.iiately 100^0, .Vb 
hi^iier te iperatures, of say the order of ( .f., - Tr,) cqa-al 
to 3'30°C, it can be sco'o tbiot .. bcco..ios oxtro; '.ol^' smo. 11, 
an-" 3, •■•’nilo incrc.-'.sin - vory slov/ly, is .Car jrcatcr than 
-is tlras o;:tre:'.:cly sv.iall as co i >areci to 3 and 
can thus be nc;;loctcd. hirinj siioch 2->assa c at hijli 
values of ( lV; - x'a^), in suite of the reversible adiaisatic 
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l.b n.lco c nano c. tbor.al si inlbrication o'.' the basic 
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